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Gap junctional communication (GJC) is regulated in the early Xenopus embryo and quantitative differences in junctional
communication correlate with the specification of the dorsal–ventral axis. To address the mechanism that is responsible for
regulating this differential communication, we investigated the function of b-catenin during the formation of the
dorsal–ventral axis in Xenopus embryos by blocking its synthesis with antisense oligodeoxynucleotides. This method has
previously been shown to reduce the level of b-catenin in the early embryo, prior to zygotic transcription, and to inhibit the
formation of the dorsal axis (Heasman et al., 1994, Cell 79, 791–803). We show here that antisense inhibition of b-catenin
synthesis also reduces GJC among cells in the dorsal hemisphere of 32-cell embryos to levels similar to those observed
among ventral cells. Full-length b-catenin mRNA can restore elevated levels of dorsal GJC when injected into
b-catenin-deficient oocytes, demonstrating the specificity of the b-catenin depletion with the antisense oligonucleotides.
Thus, endogenous b-catenin is required for the observed differential GJC. This regulation of GJC is the earliest known
action of the dorsal regulator, b-catenin, in Xenopus development. Two lines of evidence, presented here, indicate that
b-catenin acts within the cytoplasm to regulate GJC, rather than through an effect on cell adhesion. First, when EP-cadherin
is overexpressed and increased adhesion is observed, embryos display both a ventralized phenotype and reduced dye transfer.
Second, a truncated form of b-catenin (i.e., the ARM region), that lacks the cadherin-binding domain, restores dorsal GJC
to b-catenin-depleted embryos. Thus, b-catenin appears to regulate GJC independent of its role in cell–cell adhesion, by
acting within the cytoplasm through a signaling mechanism. © 1998 Academic Press
INTRODUCTION
Early embryonic pattern formation results from a series
of cell–cell interactions that organize the primary axes of
the embryo and determine cellular fate. In combination
with the asymmetric distribution of maternal factors in the
fertilized egg, interactions between early blastomeres are
thought to be responsible for the first inductive events that
specify the dorsal–ventral axis (reviewed by Gerhart et al.,
1989). Progress has recently been made in identifying some
of the molecules involved in establishing this axis.
The cadherin-associated protein, b-catenin, is required for
the specification of the dorsal–ventral axis in Xenopus.
b-Catenin and its Drosophila homologue, armadillo, share a
central ‘‘armadillo’’ domain found in a group of proteins
involved in intracellular signaling (Peifer et al., 1994). This
domain is believed to support much of the signaling ability of
b-catenin and armadillo (Funayama et al., 1995; Orsulic and
Peifer, 1996). Soluble b-catenin, not associated with the mem-
brane, is considered necessary for dorsal axis formation in
Xenopus, since overexpression of cadherin, which binds en-
dogenous b-catenin to the membrane and depletes the soluble
pool, is known to inhibit the formation of dorsal structures
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(Fagotto et al., 1996; Heasman et al., 1994). Direct involve-
ment of b-catenin in dorsal axis formation has been demon-
strated by using antisense oligodeoxynucleotides specific for
this maternal protein. b-Catenin-deficient embryos undergo
gastrulation and form three tissue layers, but do not form
dorsal mesoderm nor undergo neurulation (Heasman et al.,
1994). However, the b-catenin-depleted embryos do exhibit
normal blastomere adhesion, suggesting that b-catenin func-
tions independently of its adhesive role during axis formation.
Consistent with this, there are reports that a truncated form of
b-catenin consisting of its central armadillo repeats, but
lacking its cadherin binding domain, can support the forma-
tion of an extra dorsal axis when injected into early Xenopus
embryos (Fagotto et al., 1996; Funayama et al., 1995).
In principle, the developmental pathway that leads to the
specification of the dorsal axis could also involve a variety
of small signaling molecules, such as calcium, cyclic nucle-
otides, and inositol trisphosphate. In this case, the intercel-
lular spread of the signals via gap junctions could facilitate
and coordinate the inductive processes. It is well-known
that the cell-to-cell channels of gap junctions, consisting of
connexin subunits, can mediate the intercellular exchange
of small molecules, including amino acids, nucleotides,
ions, and secondary messengers (Boitano et al., 1992; Law-
rence et al., 1978; Murray and Fletcher, 1984; Pitts and
Simms, 1977; Sa´ez et al., 1989). In terms of a role for gap
junctions in development, it has recently been learned that
different connexins direct specific aspects of development,
including germ cell maturation, heart development, and
cell growth (Nelles et al., 1996; Reaume et al., 1995; Simon
et al., 1997). These studies, however, have yet to determine
the role of intercellular GJC during early cell fate decisions
or axis formation. Here we consider the regulation of GJC
during the establishment of the dorsal–ventral axis in
Xenopus, specifically the role of b-catenin in regulating
communication differences. In Xenopus, perturbation of
development with a connexin antibody suggests a role for
gap junctions in pattern formation (Warner et al., 1984),
while a dominant-negative form of connexin causes extru-
sion of cells from the early embryo and disrupts normal
blastocoel formation (Paul et al., 1995).
In the early Xenopus embryo, gap junction communica-
tion is differentially regulated in cells with diverging fates
along the dorsal–ventral axis, with more communication
between cells which give rise to dorsal structures (Guthrie,
1984). Agents shown to disrupt axis patterning, also disrupt
dorsal GJC. For example, ultraviolet light, which ‘‘ventral-
izes’’ embryos, reduces GJC, whereas, lithium chloride
treatment, which ‘‘dorsalizes’’ embryos, results in an in-
crease in GJC between ventral cells to levels typically
demonstrated among dorsal cells (Nagajski et al., 1989).
Additionally, ectopic expression of known dorsalizing fac-
tors (e.g., wnt-1, Xwnt-8, activin-B, or b-catenin) results in
increased GJC (Guger and Gumbiner, 1995; Olson et al.,
1991; Olson and Moon, 1992).
This evidence indicates that GJC is regulated during axis
determination, suggesting that differential GJC constitutes
part of the mechanism for specifying the dorsal–ventral
axis. However, direct regulation of gap junctional commu-
nication by an endogenous, maternal signaling molecule
has not previously been shown. In this study, depletion of
maternal b-catenin mRNA and protein, with antisense
oligodeoxynucleotides, is used to demonstrate the impor-
tance of endogenous b-catenin in regulating dorsal GJC in
the early Xenopus embryo. In addition, we provide evidence
that the increase in GJC occurs independently of changes in
cell adhesion and that the armadillo domain of b-catenin
can replace b-catenin in the generation of dorsal–ventral
differences in GJC.
MATERIALS AND METHODS
Gap Junctional Communication
Embryos were placed in 3% Ficoll in 13 Marc’s modified
Ringer’s solution (MMR) (Peng, 1991) prior to injection. Four
percent Lucifer yellow (Sigma Chemical Co., St. Louis, MO) diluted
in water (; 0.5 ml) was microinjected into individual dorsal or
ventral tier 1 blastomeres at the 8- to 32-cell stages using a glass
capillary (World Precision Instruments, Sarasota, FL) connected to
either a Picoinjector P100 (Medical Systems, Greenvale, NY) or a
Picospritzer II (General Valve Corp., Fairfield, NJ). When a stereo-
typic cleavage pattern allowed identification of specific blas-
tomeres, the tier one D1 and A1 blastomeres were targeted for
injection (Guthrie et al., 1988; Guthrie, 1984). Alternatively, em-
bryonic pigment distribution alone was used to select individual
dorsal and ventral tier 1 blastomeres. This method was used for
both control and b-catenin-deficient embryos because pigment
distribution occurs normally in b-catenin-deficient embryos. Dye
was allowed to transfer to coupled cells for 15 min. Embryos were
fixed with 4% paraformaldehyde and 0.25% glutaraldehyde over-
night at 4°C. Embryos were analyzed by fluorescence microscopy
with an upright Zeiss microscope fitted with a 43 objective (Leica,
Deerfield, IL) and a XF14 Lucifer yellow filter set (Omega Optical,
Inc., Brattleboro, VT). Embryos were scored as positive for gap
junctional communication (GJC), if they passed dye to more than
one other blastomere. Cytoplasmic bridges between sister cells
persist for only one cleavage cycle in the 32-cell embryo, as assayed
by the passage of fluorescent dextran between cells (data not shown
and (Guthrie et al., 1988)). To evaluate the extent of GJC, the total
number of nonsister recipient cells was also determined. A blas-
tomere was scored as receiving dye if the intensity of its fluores-
cence was above the level of autofluorescence in the embryo.
Autofluorescence is especially apparent in lightly pigmented and
vegetal cells. Fluorescence scatter from adjacent dye-filled cells
was eliminated by illuminating each blastomere individually
through a reduction in the opening of the microscope diaphragm.
For graphic representation, the results of replicate experiments
were averaged and the SEM values calculated. For statistical
analysis, the results of replicate experiments were pooled and
subjected to x2 analysis.
Antisense Oligodeoxynucleotide Inhibition
of b-Catenin Synthesis
b-Catenin synthesis was reduced using antisense oligodeoxy-
nucleotides and the host-transfer techniques described by Heas-
man et al., (1991). Ovaries were aseptically removed from an
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anesthetized Xenopus laevis female and full-grown, stage VI,
oocytes were removed from their follicles with fine forceps and
cultured in oocyte culture medium, as previously described
(Heasman et al., 1991). Oocytes were then pressure-injected
with an antisense oligodeoxynucleotide (59-T*G*C*C*TTTCG-
GTCTG*G*C*T*C; the asterisk represents phosphorothioate
linkages; Genosys Biotechnologies, The Woodlands, TX) using a
glass capillary (Warner Instrument Corp., Hamden, CT) con-
nected to a micromanipulator and a Picoinjector P100 (Medical
Systems, Greenvale, NY). The oligonucleotide was diluted in
sterile water to a concentration of 0.25 ng/nl. Injections yielded
a final concentration of 0.5 to 0.75 ng/oocyte. This antisense
oligodeoxynucleotide has been previously shown to effectively
and specifically reduce b-catenin synthesis (Heasman et al.,
1994). Injected oocytes were matured in culture to second
meiotic metaphase with 2 mM progesterone, labeled with vital
dyes to distinguish various treatments, and then transferred
aseptically into the abdominal cavity of an anesthetized host
female. Oocyte samples were frozen and later analyzed by
Northern blotting to assess the effectiveness of the oligonucle-
otide in reducing endogenous levels of b-catenin. After recovery,
the female was stimulated to lay the injected eggs, which were
then fertilized in vitro. Healthy experimental embryos were
sorted from the host embryos, unfertilized eggs, and abnormally
cleaving embryos. Experimental embryos were allowed to de-
velop in 0.13 MMR and dejellied with 2% cysteine, pH 7.8, in
0.13 MMR.
Rescue Experiments
Synthetic b-catenin RNA was produced by SP6 transcription
of the b-catenin-SP36T plasmid using the Megascript in vitro
transcription kit and capped with 59, 7-methylguanosine Cap
Analog (Ambion Inc., Austin, TX), as previously described
(Heasman et al., 1994). RNA was precipitated and resuspended
in sterile water at 100 pg/ml for injection. b-Catenin mRNA
(100 –200 pg) was microinjected into oocytes approximately 24 h
after their injection with antisense b-catenin oligonucleotides.
Oocytes were cultured an additional 18 –24 h prior to their
transfer into a host frog. Oocyte samples were frozen and later
analyzed to assess the levels of injected RNA. The armadillo
domain of b-catenin (ARM) was produced by PCR amplifica-
tion of the region encoding amino acids 149 –525, as previously
described (Fagotto et al., 1996). The 59 primer was designed
with an NcoI restriction enzyme site which generates an initia-
tion codon (CATGCCATGGCCACTCGAGCAATCCC). The 39
primer was designed with an XbaI restriction site which gen-
erates a stop codon (GCTCTAGAGCATGATTGGCTGGAC-
AAA). The amplified ARM fragment was digested with NcoI
and XbaI and subcloned into SP36T. The SP36T–ARM plasmid
was linearized with EcoRI and RNA was synthesized as de-
scribed above. The resulting RNA was analyzed by gel electro-
phoresis and Northern blotting. The ARM domain RNA was
tested for its ability to produce an exogenous axis in injected
embryos. ARM RNA (50 –500 pg) was tested by injection into
individual ventral blastomeres of 4-cell embryos or individual
ventral, vegetal blastomeres of 8-cell embryos. The ARM RNA
was at least as effective as b-catenin RNA in producing embryos
with dual axes. Approximately 80% of the embryos displayed a
dual axis after injection at the 4-cell stage with 100 pg ARM. For
rescue experiments 2–2.5 nl of 100 pg/nl ARM RNA was
microinjected into b-catenin-deficient oocytes and processed as
described above.
Cadherin Overexpression
Cadherin overexpression was used to cause ventralization, as
previously described (Fagotto et al., 1996; Heasman et al., 1994).
Synthetic EP-cadherin RNA was produced by SP6 transcription of
the EP-cadherin-SP36T plasmid using the Megascript in vitro
transcription kit and capped with 59, 7-methylguanosine Cap
Analog (Ambion Inc.), as previously described (Heasman et al.,
1994). RNA was precipitated and resuspended in sterile water for
injection. Cadherin mRNA (2–3 ng) was microinjected into oo-
cytes, which were then subjected to the host-transfer procedure
described above. Following overexpression of EP-cadherin, adhe-
sion between blastomeres was evaluated at the midblastula tran-
sition with a cell aggregation assay, as reported previously (Heas-
man et al., 1994; Kofron et al., 1997).
RESULTS
Gap Junctional Communication Is Regulated
along the Dorsal–Ventral Axis
Localized gap junctional communication (GJC) was stud-
ied by microinjection of Lucifer yellow into individual
dorsal or ventral tier 1 blastomeres. Results of the micro-
injections were evaluated in terms of both the percentage of
injected embryos which transfer dye and the number of
non-sister cells which receive dye following a single injec-
tion. Since the overall results were comparable, only the
data on embryos transferring dye are presented here, for
simplicity. Lucifer yellow efficiently transfers among dorsal
blastomeres of the early embryo and only limited transfer is
observed among blastomeres of the ventral hemisphere (Fig.
1 and Guthrie, 1984; Nagajski et al., 1989; Olson et al.,
1991). This observed difference in GJC, between the pre-
sumptive dorsal and ventral hemispheres, is first seen in the
16-cell embryo (Fig. 1), with only limited GJC observed in
either hemisphere prior to this stage. Dorsal GJC increases
in 16- and 32-cell embryos, but the level of ventral GJC
remains unchanged at these stages (Fig. 1). Since the most
dramatic difference in Lucifer yellow transfer between
dorsal and ventral hemispheres is observed at the 32-cell
stage (Guthrie et al., 1988), and Fig. 1), 32-cell embryos were
utilized throughout the remainder of this study. The ob-
served dorsal–ventral difference is highly significant by
x2analysis of pooled data for the 32-cell embryos (P ,
0.005).
b-Catenin Regulates Dorsal Axis Formation and
Gap Junctional Communication within the
Presumptive Dorsal Hemisphere
To examine the influence of b-catenin on the regulation
of GJC, Lucifer yellow was injected into individual blas-
tomeres of b-catenin-deficient, 32-cell embryos or their
sibling controls. Injection of dye into a single dorsal blas-
tomere in a control embryo results in dye transfer to
neighboring cells, with Lucifer yellow observed in the
injected cell, its sister, and adjacent recipient cells (Fig. 2A).
b-Catenin-deficient embryos, however, show only limited
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GJC among dorsal cells, with most of the embryos failing to
transfer Lucifer yellow to non-sister cells (Fig. 2B). Greater
than 60% of the sibling control embryos transferred dye,
while approximately 25% of the b-catenin-deficient em-
bryos exhibited dye transfer to non-sister cells (Fig. 2C). x2
analysis of the pooled data indicates that the difference
between control and b-catenin-deficient embryos is highly
significant (P , 0.005). The low level of dye transfer
observed in the dorsal hemisphere of b-catenin-deficient
embryos is similar to the level observed on the ventral side
control embryos (Fig. 1).
To test the effect of b-catenin expression on the level of
GJC in the ventral hemisphere, Lucifer yellow was injected
into a single ventral blastomere of either wild-type or
b-catenin-deficient embryos. While b-catenin antisense re-
duced dye transfer in the dorsal hemisphere, no significant
change in Lucifer yellow transfer was observed in the
ventral hemisphere of b-catenin-deficient embryos (x2; P .
0.4 and Fig. 2D). Therefore, b-catenin appears to affect only
the enhanced Lucifer yellow transfer detected among dorsal
blastomeres, not the basal level detected among ventral
blastomeres.
The efficacy of the b-catenin antisense oligonucleotides
was tested by Northern blot analysis (data not shown, and
Heasman et al., 1994) and by the analysis of embryonic
development. Sibling embryos, with respect to those in-
jected with Lucifer yellow, were allowed to develop further
to assess the effectiveness of the b-catenin antisense oligo-
nucleotides on embryonic phenotype. By the late neurula
stage, noninjected sibling control embryos or embryos in-
jected with irrelevant oligonucleotides (data not shown)
have well-developed dorsal–ventral and anterior–posterior
axes, with an obvious head, eyes, and cement gland (Fig. 3,
left two embryos). b-Catenin-deficient embryos express a
ventralized phenotype, including truncated axes and the
lack of normal head structures (Fig. 3, center two embryos).
To determine whether the observed inhibition of dorsal
GJC using antisense oligodeoxynucleotides is specific for
b-catenin, GJC was assayed in embryos in which b-catenin
mRNA was used to restore a dorsal axis to b-catenin-
deficient embryos. Injection of b-catenin mRNA into
b-catenin-deficient oocytes results in embryos displaying a
dorsal axis (Fig. 3, right two embryos), demonstrating the
specificity of the b-catenin antisense oligonucleotide, as
previously described (Heasman et al., 1994). While
b-catenin antisense oligonucleotides efficiently reduce the
Lucifer yellow transfer observed among dorsal blastomeres
as noted above, dorsal transfer is again observed in embryos
in which b-catenin synthesis was restored by injection of
synthetic mRNA (Fig. 4). In fact, the percentage of embryos
which transfer Lucifer yellow in the dorsal hemisphere
returns to control levels with b-catenin mRNA (Fig. 4). x2
analysis of the pooled data indicates that the control and
b-catenin-deficient embryos differ significantly (P , 0.005),
but the control embryos and those rescued with b-catenin
mRNA do not differ (P . 0.25). Restoration of dorsal GJC is
also observed when b-catenin mRNA is injected into
b-catenin-depleted embryos at the 2- or 4-cell stage (data
not shown). Restoration of b-catenin synthesis and GJC
with b-catenin mRNA demonstrates the specificity of this
experimental system and the role of b-catenin in regulating
GJC. Therefore, endogenous b-catenin is required for both
regionalized GJC and the development of the dorsal–ventral
axis.
Overexpression of Cadherin Reduces Dorsal Gap
Junctional Communication
The reduction in GJC by means of depleting b-catenin,
and its rescue by injection of b-catenin mRNA, suggests
that b-catenin can regulate GJC. However, these data do not
allow one to distinguish between different mechanisms for
b-catenin action in the control of communication. To
evaluate the possibility that reducing levels of b-catenin
alters cadherin-based intercellular adhesion, and this in
turn affects GJC, additional experiments were carried out.
EP-cadherin was first overexpressed and sibling embryos in
multiple experiments were evaluated with respect to three
parameters: (a) embryos were scored for dorsal–ventral
characteristics; (b) adhesion at the midblastula transition
was monitored using a simple aggregation assay as de-
scribed previously (Heasman et al., 1994); and (c) GJC
communication was assayed at the 32-cell stage. Overex-
pression of EP-cadherin results in a ventralized phenotype,
as shown previously (Fagotto et al., 1996; Heasman et al.,
1994). Control embryos exhibit a normal dorsal axis, with
the formation of neural folds (Fig. 5A), while the embryos
overexpressing EP-cadherin are found to lack neural struc-
FIG. 1. Lucifer yellow transfer: Comparison of dorsal and ventral
dye transfer. Percentages of 8-, 16-, and 32-cell embryos which
transfer Lucifer yellow. Data for the 8-cell stage are the average of
6 experiments with a total of 42 dorsally and 43 ventrally injected
embryos. Data for the 16-cell stage are the average of 4 experiments
with a total of 33 dorsally and 28 ventrally injected embryos. Data
for the 32-cell stage are the average of 8 experiments with a total of
54 dorsally and 44 ventrally injected embryos. The standard error of
the mean (SEM) is included for each set to indicate the variability
observed between experiments. In these experiments and in others
depicted in subsequent figures, x2 analysis was also performed. The
values obtained are found in the text and provide an effective test
for the pooled data.
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tures (Fig. 5B). The overexpression of EP-cadherin also
results in an increase in adhesion in the early blastula.
Following dissociation and reaggregation, the cells of em-
bryos overexpressing EP-cadherin adhere more tightly to
one another than those of control embryos, resulting in
more compact, smooth-surfaced aggregates (compare Figs.
5C and 5D).
Injection of Lucifer yellow into an individual dorsal cell
in a control embryo results in transfer of dye to multiple
blastomeres (Fig. 5E), while injection of dye into embryos
overexpressing EP-cadherin results in only limited transfer,
usually with only the sister of the injected cell receiving
dye (Fig. 5F). Greater than 70% of the sibling control
embryos transfer dye, while approximately 35% of the
embryos overexpressing EP-cadherin transfer dye to non-
sister cells (Fig. 5G). x2 analysis of the pooled data indicates
that the difference between control and EP-cadherin-
overexpressing embryos is highly significant (P , 0.001).
The low level of dorsal transfer observed with EP-cadherin
overexpression is similar to the level observed in b-catenin-
deficient embryos and the level observed on the ventral side
of control embryos (Figs. 1 and 2C). Thus, when cadherin-
mediated adhesion is enhanced, an increase in GJC is not
observed, suggesting that b-catenin does not elevate GJC
between dorsal blastomeres through an effect on adhesion.
The Armadillo Domain of b-Catenin Restores Gap
Junctional Communication to Dorsal Blastomeres
in b-Catenin-Deficient Embryos
The results of the cadherin overexpression studies sug-
gested that when blastomere adhesion is increased and
when the association of b-catenin with the plasma mem-
brane is enhanced, GJC is not elevated. In fact, GJC is
reduced, suggesting that cytoplasmic pools of b-catenin are
required for the regulation of GJC. We next asked whether
FIG. 2. b-Catenin is required for increased transfer of Lucifer yellow in the dorsal hemisphere. Lucifer yellow transfer in a representative
noninjected control embryo (A) and a b-catenin-deficient embryo (B). A blastomere was scored as receiving dye if its intensity was above
the autofluorescence of the embryo. These embryos in which an individual dorsal blastomere was injected at the 32-cell stage cleaved to
the 64-cell stage prior to fixation. (C) Percentage of 32-cell embryos injected in the dorsal hemisphere which transfer Lucifer yellow to
non-sister blastomeres. Embryos were obtained using oocytes that were either noninjected (control) or injected with b-catenin antisense
oligodeoxynucleotides (antisense). The results of 9 experiments including a total of 117 control and 69 b-catenin-deficient embryos are
displayed. (D) Percentage of 32-cell embryos which transfer Lucifer yellow to non-sister blastomeres. Lucifer yellow was microinjected into
individual blastomeres in either the dorsal or ventral hemisphere of b-catenin-deficient (antisense) and control sibling embryos (control).
The results of 6 experiments are averaged. For dorsal analysis, 79 control and 76 b-catenin-deficient embryos were studied for gap junctional
communication. For ventral analysis, 53 control and 73 b-catenin-deficient embryos were studied. The SEM values are indicated.
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a truncated form of b-catenin that is unable to bind cad-
herin would rescue GJC in embryos depleted of b-catenin.
The truncated b-catenin protein, ARM, lacks both the N-
and C-terminal regions of the protein and contains only the
first nine armadillo repeats. b-Catenin-depleted embryos
exhibit a ventralized phenotype (Fig. 6A, center two em-
bryos), while injection of ARM mRNA into b-catenin-
depleted oocytes restores the dorsal–ventral and anterior–
posterior axes (Fig. 6A, right two embryos). Although the
rescued embryos have an elongated dorsal axis and dorsal–
anterior structures including a cement gland and eyes, they
are not completely normal when compared to control
embryos (Fig. 6A, left two embryos). The restoration of
elongated features and dorsal–anterior structures with
ARM mRNA is consistent with the idea that the ARM
domain of b-catenin is sufficient to support the formation
of a dorsal axis in embryos depleted of b-catenin.
The ability of ARM to restore intercellular communica-
tion via gap junctions was investigated in embryos in which
ARM mRNA was used to restore a dorsal axis in b-catenin-
depleted embryos. Injection of Lucifer yellow into an indi-
vidual dorsal cell in a control embryo results in the transfer
of dye to multiple blastomeres (Fig. 6B), while injection of
dye into b-catenin-deficient embryos results in limited
transfer, usually with only the sister of the injected cell
receiving dye (Fig. 6C). Lucifer yellow transfer is efficiently
restored to control levels in the dorsal hemispheres of
b-catenin-deficient embryos rescued with ARM RNA, with
dye observed in multiple blastomeres (Figs. 6D and 6E). x2
analysis indicates that control embryos are significantly
different from b-catenin-deficient embryos (P , 0.005), but
that control embryos and embryos rescued with ARM RNA
do not differ (P . 0.85). Injection of Lucifer yellow into
ventral blastomeres of wild-type and ARM rescued embryos
resulted in the same low level of dye transfer (data not
shown), showing that the restoration of GJC by ARM in
b-catenin-depleted embryos is specific to the dorsal hemi-
sphere. Therefore, like the full-length b-catenin, the ARM
domain, when injected into the oocyte, can generate both a
dorsal axis and dorsal–ventral differences in GJC.
DISCUSSION
This study provides the first direct demonstration that
maternal b-catenin is required for the differential GJC
observed along the dorsal–ventral axis. Additionally, we
provide two lines of evidence that the mechanism by which
b-catenin regulates GJC is independent of its role in adhe-
sion.
b-Catenin Regulates the Increase in Dorsal Gap
Junctional Communication during Axis Formation
b-Catenin is an essential regulator of dorsal axis forma-
tion; its presence is required prior to the midblastula
transition (MBT) for the formation of dorsal tissue (Heas-
man et al., 1994). While other factors (e.g., wnt, activin,
plakoglobin) can cause a dual axis when injected into the
early embryo, only b-catenin has been demonstrated to be
an endogenous regulator of axis formation. Reduction of its
expression, with specific antisense b-catenin oligonucleo-
tides and its subsequent reexpression by introduction of its
mRNA into depleted embryos, has clearly identified
b-catenin as a critical element in the pathway which
specifies the dorsal axis. The requirement for b-catenin in
dorsal GJC, demonstrated here, identifies the first endoge-
FIG. 3. b-Catenin antisense oligonucleotides effectively reduce
dorsal axis formation. Representative noninjected control embryos
(left two embryos), b-catenin antisense-injected embryos (center
two embryos), and embryos rescued with b-catenin mRNA (right
two embryos) at late neurula stage. b-Catenin-deficient embryos
exhibit a ventralized phenotype, while control siblings and em-
bryos rescued with b-catenin mRNA exhibit a dorsal–ventral and
anterior–posterior axis.
FIG. 4. Restoration of b-catenin synthesis with b-catenin
mRNA restores Lucifer yellow dye transfer. Embryos were
obtained from noninjected oocytes (control), oocytes injected
with b-catenin antisense oligonucleotides (antisense), or oocytes
injected with b-catenin antisense oligonucleotides and subse-
quently with b-catenin mRNA (rescue). Percentage of 32-cell
embryos injected in the dorsal hemisphere which transfer Luci-
fer yellow to non-sister blastomeres. The results of 10 experi-
ments are compiled, representing 124 control embryos, 86
b-catenin-deficient embryos, and 52 rescued embryos. The SEM
values are indicated.
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FIG. 5. Overexpression of EP-cadherin ventralizes embryos, increases cell adhesion, and decreases gap junctional communication.
Embryos were obtained using oocytes that were either noninjected or injected with EP-cadherin RNA. While control embryos display an
elongated shape (A), those injected with EP-cadherin RNA lack neural folds (B). In an adhesion assay, control blastomeres form irregular
aggregates (C) and those overexpressing EP-cadherin form smooth-surfaced aggregates (D). When injected with Lucifer yellow, dye spread
occurs at normal levels in control embryos (E), but at reduced levels in embryos injected with EP-cadherin RNA (F). (G) Percentage of 32-cell
embryos injected in the dorsal hemisphere which transfer Lucifer yellow to non-sister blastomeres. The results include injections of 40
control embryos and 57 embryos overexpressing EP-cadherin. The SEM values are indicated.
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nous factor that regulates regionalized GJC in the 32-cell
embryo. Previously, b-catenin had been shown to increase
GJC when injected into the ventral hemisphere of 2-cell
embryos (Guger and Gumbiner, 1995). This overexpression
suggested that b-catenin can regulate GJC, but did not
address its endogenous function. Overexpression studies
can identify potential functions of a molecule, while direct
manipulation of the endogenous protein identifies the func-
tion of that molecule within the embryo. The overexpres-
sion phenotype may not correlate with the role of the
endogenous protein. For example, overexpression of plako-
globin, in Xenopus, can cause axis duplication, suggesting a
role in axis formation (Karnowsky and Klymkowsky, 1995).
Analysis of endogenous plakoglobin, however, demon-
strates that it is not required for axis formation (Kofron et
al., 1997). Other studies support this conclusion based on
an analysis of endogenous b-catenin pools following over-
expression of plakoglobin (Miller and Moon, 1997). Specific
elimination of b-catenin with antisense oligonucleotides
and restoration of both its expression and dorsal GJC with
b-catenin mRNA demonstrates the involvement of endog-
enous b-catenin in the formation of regionalized gap junc-
tion communication.
This correlation between the ability to form a dorsal axis
and dorsal GJC (Guger and Gumbiner, 1995; Nagajski et al.,
1989; Olson et al., 1991; Olson and Moon, 1992) suggests
that GJC is an integral part of the process by which the
embryonic axis is determined. In addition, regulation of
GJC by endogenous b-catenin suggests that GJC is down-
stream of b-catenin in a developmental program which
specifies the dorsal axis. This program may be initiated by
members of the Wnt family of secreted factors, which
FIG. 6. The b-catenin armadillo domain is sufficient to restore both a dorsal axis and dorsal gap junctional communication in
b-catenin-deficient embryos. Embryos were obtained using oocytes that were noninjected, injected with b-catenin antisense oligode-
oxynucleotides, or injected with b-catenin antisense oligodeoxynucleotides followed by injection of ARM mRNA. (A) Representative
noninjected control embryos (left two embryos), b-catenin antisense-injected embryos (center two embryos), and embryos rescued with
ARM (right two embryos) at early tailbud stage. b-Catenin-deficient embryos exhibit a ventralized phenotype, while control siblings and
embryos rescued with ARM mRNA exhibit a dorsal–ventral and anterior–posterior axis. Lucifer yellow transfer in a representative
noninjected control embryo (B), a b-catenin-deficient embryo (C), and an embryo resulting from injection of ARM RNA into
b-catenin-deficient oocytes (D). (E) Percentage of 32-cell embryos injected in the dorsal hemisphere which transfer Lucifer yellow to
non-sister blastomeres. The results of 3 independent experiments are compiled, representing 46 control embryos, 34 b-catenin-depleted
embryos, and 38 rescued embryos. The SEM values are indicated.
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regulate the levels of b-catenin by inactivation of the
serine/threonine kinase GSK (reviewed by Moon et al.,
1997) or by a Wnt-independent mechanism. Recent evi-
dence demonstrates that addition of exogenous Xwnt-8, but
not Xwnt-5a, BVg1, nor noggin RNA, to the ventral hemi-
sphere results in the accumulation of b-catenin in ventral
cells prior to MBT (Larabell et al., 1997). Therefore, the
observed increase in GJC observed following addition of
exogenous Xwnt-8 (Olson et al., 1991) may be explained by
the upregulation of levels of b-catenin. Alternatively, treat-
ment of embryos with ultraviolet light, which results in a
ventralized phenotype and a reduction in GJC (Nagajski et
al., 1989) can lead to a reduction in the relative level of
b-catenin in dorsal blastomeres (Larabell et al., 1997). Thus,
alterations in GJC by various treatments can all be ex-
plained by variations in the b-catenin activity present in
dorsal cells. Combined with our evidence for a regulation of
GJC by endogenous b-catenin, these studies suggest that
critical levels of b-catenin in dorsal cells are required for
regulation of communication.
Cell–Cell Adhesion and Gap Junctional
Communication Are Not Coordinately Regulated
in Early Xenopus Embryos
One possible hypothesis to explain the mechanism of
b-catenin activity is that it affects GJC by altering the
degree of intercellular adhesion. Cell–cell adhesion is
known to be critical for GJC because cells which either lack
cadherin expression or in which cadherin function has been
inhibited do not form normal gap junctions (Jongen et al.,
1991; Mege et al., 1988; Meyer et al., 1992; Musil et al.,
1990). However, while cell adhesion is a prerequisite for
GJC and b-catenin is involved in cadherin-based cell adhe-
sion, the reduction in GJC observed here following the
depletion of b-catenin appeared to be independent of its
adhesive function. For example, depletion of b-catenin
expression in the oocyte with antisense oligonucleotides
does not cause a detectable change in cell–cell adhesion in
the resulting embryos (Heasman et al., 1994). The blas-
tomeres of these b-catenin-deficient embryos adhere to one
another, a normal blastocoel is formed, and the cells of the
depleted embryos are able to reaggregate following disaggre-
gation in low calcium medium as well as sibling control
embryos (as in the current study). Cadherin-based cell
adhesion, in these embryos, may be mediated by other
forms of catenin (e.g., plakoglobin or p120) or by membrane-
associated b-catenin which is still present following anti-
sense treatment (Kofron et al., 1997). In addition, Guger and
Gumbiner observed only a slight increase in cell adhesion
following b-catenin overexpression (Guger and Gumbiner,
1995). Taken together, these results suggested that gross
changes in cell adhesion could not account for the regula-
tion of GJC by b-catenin.
To evaluate this relationship further in the present study,
EP-cadherin was overexpressed and we monitored adhesion,
development, and cell communication in parallel. We antici-
pated that cadherin overexpression would increase adhesion
(Heasman et al., 1994). We also knew from previous experi-
ments that the overexpression of EP-cadherin causes embryos
to develop with a ventralized phenotype, although the mecha-
nism by which this occurs has not been delineated (Fagotto et
al., 1996; Heasman et al., 1994). Thus, the question became a
matter of whether GJC changes would correlate with changes
in adhesion or changes in dorsal–ventral development. The
experiments reported here revealed that overexpression of
EP-cadherin causes a reduction in GJC communication on the
dorsal side of embryos at the 32-cell stage, even though it
causes increased cell adhesion in simple aggregation assays
carried out on cells from sibling embryos. The ideal assay
would have been to monitor adhesion also at the 32-cell stage,
but this is not possible because the cells are too large and
fragile. Based on the results reported here, it is unlikely that
b-catenin provides for a GJC increase in dorsal blastomeres by
enhancing cadherin-dependent adhesion. The obvious alterna-
tive is that b-catenin acts within the cytoplasm to alter levels
of GJC (Miller and Moon, 1997). The next series of experi-
ments with the ARM protein addressed this possibility.
The Armadillo Domain of b-Catenin Is Sufficient
to Rescue the Dorsal–Ventral Pattern of Gap
Junctional Communication
We next asked whether, in the absence of membrane
association, b-catenin could rescue GJC. We chose to use
the arm domain construct to answer this question because
it had been shown previously to be unable to bind cadherin.
Also, previous overexpression experiments in Xenopus em-
bryos had shown that this mutated protein is uniformally
distributed in the cytoplasm and nucleus, and is not asso-
ciated with internal or external cell membranes (Fagotto et
al., 1996). We found that ARM RNA was as competent as
the full-length b-catenin RNA in rescuing GJC, as well as
dorsal axis formation. This experiment was important for
two reasons. First, it provided a second line of evidence in
support of a mechanism for b-catenin action, independent
of cell adhesion. Second, it revealed another experimental
condition where GJC and dorsal–ventral development are
tightly linked. In this case, the ARM protein is effective
within embryos depleted of b-catenin.
Although we know ARM is expressed in the cytoplasm and
nucleus, and therefore presumably acts in the cytoplasm
and/or nucleus, we do not know whether its activity is direct
or indirect in rescuing either GJC or dorsal axis forma-
tion. Recent studies overexpressing a mutated, membrane-
associated form of b-catenin or a wild-type plakoglobin
mRNA in Xenopus embryos suggested that these molecules
acted indirectly to cause dorsalization by competing with
endogenous b-catenin in terms of binding to APC (Miller and
Moon, 1997). The experiments showed that both membrane-
linked b-catenin (TM b-catenin) and plakoglobin caused the
redistribution of APC from the cytoplasm to intracellular
membranes, and that TM-b-catenin caused a reduction in the
amount of endogenous b-catenin that was associated with
APC and a small, apparent reduction in cadherin-bound,
endogenous b-catenin. However, ARM is not redistributed to
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intracellular membranes when overexpressed (Fagotto et al.,
1996), so we cannot assume that it acts in the same way as
plakoglobin or TM-b-catenin. Furthermore, the hypothesis
that APC regulates b-catenin is not supported by overexpres-
sion experiments. Overexpressing APC might be expected to
reduce cytosolic b-catenin and thus cause ventralization. In
fact, the opposite has been reported; APC causes dorsalization
and has not been found to alter either exogenous or endoge-
nous b-catenin levels (Vleminckx et al., 1997).
The direct test of whether APC or EP-cadherin regulates
the supply of cytosolic b-catenin, presumably the fraction
involved with signaling, is to deplete them and determine
whether dorsal signaling is affected. Antisense experiments
that deplete maternal EP-cadherin show that, although
adhesion is severely affected at the blastula stage, the
embryos recover and develop with normal dorsal–ventral
axes, suggesting that maternal EP-cadherin does not regu-
late cytosolic b-catenin (Heasman et al., 1994). Similar
experiments are currently being carried out to target APC.
b-Catenin Serves Multiple Roles
during Axis Formation
The regulation of GJC in 32-cell embryos by b-catenin is
the earliest known function of b-catenin in the Xenopus
embryo. It is the only known consequence of b-catenin
depletion to occur prior to the onset of zygotic transcription
and is, therefore, presumed to be independent of transcrip-
tion. While maternal b-catenin is enriched dorsally by the
8-cell stage and present in the nucleus by the 16-cell stage
(Larabell et al., 1997), the other known activities of
b-catenin (e.g., transmission of a dorsal signal) do not occur
until after MBT and require zygotic transcription (Brannon
et al., 1997; Fan and Sokol, 1997; Heasman et al., 1994;
Kessler, 1997; Wylie et al., 1996). The regulation of dorsal
GJC may provide a mechanism by which maternal
b-catenin is able to control the field of cells involved in
dorsal axis formation.
Understanding how b-catenin acts to regulate GJC will
provide important insight into the function of b-catenin
and the complex process by which it specifies the dorsal
axis. The ARM domain of b-catenin is known to serve as a
protein–protein interaction domain which facilitates the
binding of b-catenin to multiple intracellular molecules. In
addition to interacting with members of the Wnt signaling
pathway, b-catenin is reported to bind the actin bundling
protein, fascin (Tao et al., 1996), the tumor suppressor, APC
(Rubinfeld et al., 1993; Su et al., 1993), a protein tyrosine
phosphatase (Fuchs et al., 1996), and the tyrosine kinase
EGF receptor (Hoschuetzky et al., 1994). The central ARM
domain of b-catenin has been shown to mediate binding to
fascin, APC, and the EGF receptor (Fagotto et al., 1996;
Hoschuetzky et al., 1994; Tao et al., 1996). Interaction with
these and/or other yet unidentified ARM binding proteins
may alter gap junction assembly or gating, independent of
new transcription. In fact, a significant increase in GJC,
observed through an effect on gap junction assembly, can
occur independent of connexin transcription (Meyer et al.,
1990). In addition, protein kinases including v-src tyrosine
kinase, PKA, PKC, and EGF-activated MAP kinase can
rapidly regulate gap junction assembly or gating (Atkinson
et al., 1981; Granot and Dekel, 1994; Lampe, 1994; Lau et
al., 1992). Therefore, in the pre-MBT embryo, the ARM
domain may act to specify regionalized GJC by regulating
the assembly or gating of gap junctions. The central ques-
tion remaining to be answered is: How does b-catenin
interact with gap junction connexins or other intracellular
molecules to regulate junctional communication? Our ex-
periments indicate that b-catenin regulates GJC separately
from its role in adhesion and the timing dictates it is also
separate from transcriptional events.
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